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INTRODUCTICH

The aim of this investigation, conducted at the Lewis Resgearch
Center, was to gain a general knowledge of tne mechanism of the combue-
tirm of metallic additives 1n the presence of solid-propellant burning.
There is = lack of knowledge concerning the fundomental processcs In-
volved, and & n@ed exists for investigating the various ph“~* cal and
chemical properties of the zdditive in the thin boundary (7100 | Lcronn)
above the decompchng curface. Observetion of phencmerns

during cembustion, for example, sdditive agglomerztion an
linited combn n of the =dditive, adds to the knowledeo for

nrderstarding the rcle of adaltives.

The effect of a propellant composition variation on some basic cum-
bussion processes Ls described herein. Specifically, the investigation
wac concerned with the effect of oxidirer-particle size on additive ¢
clomeration and with the regicn wherein the combustion of the adaitive

OCCUrs.

The knowledge gaired concerning additive burning will also be use-
ful in understending how metallic particles suppress ov assist in sup-
pressing combustion instability. The particle sive of the additive in
tre parrow region sbove the burning surface appears to be a critical
parimeter affecting oscillatory combustion (ref. 1

~—

A motion-plcture film supplement has been prepared and is gvailable
on loan. & regquest card and a deseription of the fllm are given at the
back of the repcrt.

THECRY

On “lie basis of combustion experiments using polysulfide - ammonium
perchlorate propellants of unimedal particle Qlu@, it is reported in
reference 2 that combustion occurs in one of several modes. The authors
of reference ¢ hypothesized that inereasing the oxidizer pnrticle size,
within certain pressure limits, changed T ho mode of combustion from o
premixed gasecus flame to o diffusion-type flame. This concept 1s em-
ployed in the present LﬂJChEL:ifL”F, sipee 1t is assumed that the burning
of the odditives is controllied by the diffuclon of oxyger vapors Lo the
naditive site.

m

Lo suppresQ
coarse-oxidiz
suggests that

e

sddition, IL now been observed (ref. 1) thet it is more gifficult
s combusticon lustability by the addition ol additives to

r propellants than to fine-oxldizer pr“pollaztc Thi
the oxidizer particle slze may play o grnificant role in
affecting the propertico of +the additives during Oumbusﬁ’on. The present
ivvestigotion, thereforao, ‘o conceorned woth the offect of oxidizer-
il size on additive

omeration snd burnlng.
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By Louis 4. Povinelli

SUMMARY

The effect of oxidizer particle size on additive agglomeration was
investigated. Samples composed of ammonium perchlorate, polybutadiene
acrylic acid, and aluminum were burned =t atmospheric conditions. Ag-
glomeraticn occurred when the majority of the bimodal mixture of oxidizer
crystals was relatively coarse. The same prepellant with predominantly
fine oxidirzer crystals showed no evidence of agglomeration. Particle-
size distributions of the ccndensed-phase combustion preduets were ob-
tained. The size distributions for both propellants were identical with
the criginal additive distributicn up to a particle size of approximately
8.5 microns. The agglomeration or growth of additive particles caused an
apparent break in the combustion-product distribution of tle coarse-
oxidizer propellant; particles having diameters much larger than the
original additive size were obtained. The combustion-product size dis-
tribution of the fine-cxidizer propellant did not vary from the initial
additive distribution. This behavior was in agreement with the quantita-
tive model presented for the additive growth process tnal predictes =2
step change in the agglomeration phenomencr.

The radistion characteristics of aluminized and nonaliuminized pro-
pellants were cbtalned in emission by use of = grating spectrograph.
The princival emitters were identified and interpreted relative to the
agglomeration process. The strong continuum, present with the coarse-
oxidizer propellant, was attributed to the presence of incandescent me-
tallic particles on the burning surface, whereas, with the fine-oxidizer
propellant, the decreased intensity of the continuum indicated that large
metallic particles were not present. The burning of the additives with
the latter propellant occurred throughout the flame zone, but, with the
coarse propellant, the additive burning was localized to the propellant
surface.



£nllowed Fick's equation:

ac
G, = g%d’az (4)

where dc/dx is the concentration gradient on the propellant surface
between the oxidizer snd sdditive regions. As an spproximation, dc/dx
ig replaced by Ac/Ax, which is defined by

re Co =01 Co (5)

where Cq 1is considered negligible, since the postulated mechanism 1s
diffusion (mixing) controlled. The rate of diffusion of oxldizer vapors
is given, therefore, by

The rate may be expressed as

aM 1
td
where (dM/dt) ig a rate of mass removal or oxygen diffusion to an addi-

tive site. The reaction rate R, of the additive is written, therefore,
from equation (7) as
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where 1p is the time required to burn the additive. Since the reaction
is assumed to be diffusion limited, the rate of chemical reaction of the
additive is determined by the rate of oxygen diffusion. Employing equa-
tions (8) and (8) results in the following:

M, C
=19 2 (2)
a TB O g
Er
T, = b —2 (10)



Model Tor Agglomeration

-

Caonslider Lze propellant to bo composed of a2 matrix of uniformly
spacod particles as shown In figure 1. It will be assumed that the ag-
: eration phencmenon is caused by the collision of additive particles
on the dry, buralag propellent surface. It is postulated that the psr-
Liclus requlre » Tinite period of time to burn, which is based on 2
"mixing limited" hypothesis; furthermore, the particles have a given
resliderce or stey time on the surface and require a finitc time to ag-
glomerate, L0 Lhe time te burn the larger additive is less than the ag-
glomeraticn ULime, the mollen metaldl burns to its oxide. Since the nmelting
temperature of the metallic oxides generally exceeds propellant {lame
temperatures, sgglomeration will nol occur. IF, however, the burning
time excerds the apglomeration timo, the molten additive has an opportu-
nity to ogg cte before It burns and forms an oxlide shell.

Burning Time

Conaider the matrix
figpare 1., I o repres
dlzer,

iformly spaced oxidizer particles shown In
Tractlional volume cccupled by the oxi-

o= Hnd (-L)

(Symbels sre defined in the appendix.) The interparticle spacing ¢ is
given by the expression

The combirztion of these expressions ylelds
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Sluce the loading factor o is constant for any glven composite mixture,
the spacing belween the oxidizer crystals will increase with inereasing
particle sioe within practical limits. On o microsceopic level, the mix-
ture tends to be less lLiomogencous with larger particles. Since the com-
busilon mechanism bresumably lnvolves the difTusion of oxidizer vapors
acraue the propellant surface, = local deficiency of these vapors is ex-
peetod U some of the binder and additive reglons of coasrse-oxidizer

oropelloanta. o noswned thzt the diffusion of oxidizer vapors
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o propellant of piven oxidizer and fuel lype, chenges i g&f’ Co’
o
and o with variatlon In oxidlzer-crystal size cre consldered negligi-

hle; thue,

ie]
ndditive particle is proporticnsl to the
of the o © crystals and Lne sdditive

Residence Time

e gdditive has & size distrib:

agsumed that ti
particles will hove differcnt residence Linos
‘ace.  This tine g 1s de ined an the time ron
article s first exoposced on tne surfsce nntil t
‘e curfoce. Tt s sssumed that the propellant surfece 18
Gry, Lhet ig, that it veporlzes without passing through
os in the cace of doublo-hese propellants. The particle
‘he surface wien the binder has regressccd beyond the addi

=

t o= L

SoTne

where m is the regression rate of
depthi.  Since y  corresponds to the di aneter of an additive particle

Q.
R T (11)
m
Choepelore, ineresses witn particle clamcter, whereas
cooof the rupollant produce the opposite effect.

The residence tLime could also be influcnced by the surface teinsion
hetween “he binder and the odditive and tie drag forces on the partilcle
sas streanm around 1t. If the sssumption of a dry surfece is
invalid, the buoyancy of the additive and ite cjection cherscteristics
would have to be considered.

Agglomeration Time

Tn order to arrive at an cxpression for the sgglomeratlion timec, an
analogy to the collislon processes of molecules is cmployed. When 1t 1s
asoumed that the small (diametor) szaditive perticles arc subjected to

&85




lateral motion and may collide wilh the larger perticlcs, the collisicn
distance [ is

-1
£ = Eigﬂrl + rZYJ (12)

—
H
ct

where ro 1s the radius of the leorge stationsry perticles. he

transverse veloclty v on the propellant surface is considered to be
proportional to the surface regression rate and the proportionality co:-
stant 1s equal to the degree of turbulerce,
v o= Km (=)
The agglomeration time Ty a3y be written
-1
: £ . 2
vy =5 = naﬂKm(rl + 1) (14)
When the radius of the particles in moticn is neglected,
4. )
A= > (15)
7Kn,dgm

The agglomeration time is inversely proportional to the number of parti-
cles per unit volume, the velocity of the particles, and the cross-
sectional area of the particles.

The collision distance would also be influenced by the spacing of
the oxidizer crystal ¢, since the additive can only be located beiweel
the crystals. Similarly, the transverse velocity could be influenced by
the oxidlizer spacing because of the mixing of the oxidizer and binder
vapcrs. Slnce the pyrolysis rates of oxidlzer and binder are different,
the gas-stream velocity difference will induce shear forces with subsc-
quent mixing. Some bubbling action of the binder might contribute to
cross Plow on the surface.

Agglomeration Criteria

In order for agglomeration to occur, the residence time of the addi-
tive particles on the surface must exceed the time required for agglomer=-

2

aticn; that is, the ratio of equation (11) to (1o) must exceed unity:

T (16
N )

A



When

1 (17)

ot oceur.  Substitution of
yields

ions (11) and (1)

ERUES)

0.705 0 Ki® > 1 (12)

eplomerat ion will occur, thercfore, only when the concentrat lon znd the
particle size yleld velues greater than unity in accordance with equa-

tion (12).

The foregoing ratic of the reslidence end agglomeration time, how-
ever, docs not take into mecount the combustion of the additive, winlcr
s o simultznecus occurrence, Thcrefcore, 1t 1s necessary to conglicer,

. additicn, the ratio of the sgglomeration time to the time required Lo
itive 1 (eq. (10)). If the sdditive burnirg time Is lees
Uien Lhe time reguircd for sgglomeration, then {he moltew metal will
snd form ite oxide. Sinece the melting polnt of the motallic oxides
cenernlly oxceeds propellant-flame temperatures, agglomersitlon Ccanniot
cccur.  Zf, however, the burning time exceeds the agglomerstion time,
Flon the mclten additive has an opportunity to seglomerate belore 1t
Turng =na Torms oo oxide sholl on the agglomerated particle. The crite-
‘ the additional iregquality:

[

Purn the add

rion for sgglomeraticon consiste, thercfore, of
Ly
— <1 (19)
B

It =gquaticons (10) and (15) are substituted into equatlion (19),

Emo

Co

JTKHaGa
24 Qof

> 1 (20)

Bguatlon (20) indicates the paramctric grouping that must have a value

grester than unity in order for agglomeratlion to occur. Foer a given
propellant, the variatiocn in equation (20) iz confined to Knadagmp,

thut is, the silze distribution and the concentration of the additive
and oxidizer. Fixing the additive size, concentration, and type limits
the variszbility to oxidizer spacing, propellant burning rate, and the
coofricient for the cross flow K. Since increasing oxidizer size for
o tixed losding <, increases & and decreases i, the net change in
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FEmission Spectra

Spectra of the various propellant compositions, both with and with-
out the aluminum (table I), were obtained in emission with the image
located on the propellant surface as shown in figure 5. This arrange-
ment was used in the investigation reported in reference 3. The spectro-
graph used was a 1.5-meter Wadsworth grating instrument equipped with a
35-millimeter film holder and a remotely operated shutter. The 15,000-
groove-per-inch grating gave readings of 2100 to 7800 A in the first-
order wavelength range, 2100 to 3900 A in the second order, and z100 to
2600 A in the third order. Reciprocal linear dispersion at the film
holder was 10.9 A per millimeter in the first order, 5.45 A per milli-
meter in the second order, and 3.83 A per millimeter in the third order.

A quartz lens was used to focus the radiation from the burning
strands on the entrance slit of the spectrograph. The spectroscopic
films used, Eastman 1-0 and 1-F, were sensitive in the 2500 to 5000 A
and 2500 to 6900 A regions, respectively. Overlap of the first and
second order of the spectra occurred when the 1-F film emulsion was used.

The propellant-sample size, optical path, spectrograph slit, film
exposure, and development times were maintained constant for all tests.
A suitable delay time was used subsequent to ignition in order to elim-
inate contamination. No inhibitor was used on the propellant and, con-
sequently, some side burning occurred. All experiments were conducted
at 70°:5° F in open air.

RESULTS AND DISCUSSION
Agglomeration Criteria Determination

Using a value of 2.2 microns for the mean radius of the aluminum
particles (fig. 2) and a 9-percent concentration (table I) and substi-

tuting for n, in equation (18) vield

D > 21.4 microns (K = 0.10)
This critical value, approximately 20 microns, is required in order for

agglomeration to occur, that is, in order to satisfy the requirement
that

= >1 (16)

Since only a small number of particles of this size are present in the
distribution (see fig. 2), it is expected that the agglomerates will



reosmall Tnoaumber. Experimentel verification of tris ds given in
: caction.

3

Consider now the two alunirized propellants {table I). Since the
additive slze distribution was constant for hcth propellants and
propellant type remained fixed, equation (20) reduces to

1 -
Wi had
nan o
o= =
_490_‘;(}0
m

bex diffusion covificient snd the initial oxidizer concentrsticn were
. m
:

: L willy change In oxidizer spacing. The diffucion co-
cr'fleiont wao doternined by use of the Chapmen-Enskog relation and the
Lernerd-Jouss Drnetion iur the potentiel field (ref. 4) and by sesuming
¥ g'mpurwture of spproximetely ©00° K. The resulling value 1o 0.30 cern-
reter squured per seccnu, based on = molecular welight of /o for the
binder wvepors, oand 22 for the oxidizer. The density of oxyegen st
1:00% K was used for Co, thne oxidizer spacing was calculated from equa-
Lion (3), ond the burnisg roics wore calculated or measured. For lack
i better information, K was ussumed constant (~0.10), although 1t
protably lhercasoed slightly with Incressing oxidizer size.  Sunsilitution
In equoation (20) yields

coreldered iny

RIT A IN 0N
t'er thw TCG-percent fine-oxidizer propellant, ond
e =~ 1.05

2 Lie JO-percent cosroe-coxidizer propellant.

e
)

Theee lues lndicele that the fine-oxidizer propellant will not
cxporience ngglomeration, wherecas the coarse-oxicizer provellant will
come additive growth.  The number of parilcles that a“glOWC“ate
small, as indlcated by the critical agglomeration dismeter In

meration criteria, surface obscrvations werce madoe
and combustlion products woere collecled.

surfoce OQboervations and Sample Collection

stopraphle coservatlions., - ligh-speed motion pictures of the
burning surince (Lies. o) revealod npglomeration of the zluminum additive
£ 3 3
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cn the surface of the predominently coarse oxidizer propellant {propecl-
lant 1 ir table I). The vredominanily fine oxidizer propellant (propel-
lant 2 in table I) showed no indication of phenomenon. Some of the
aluminum particles at the center of the sample surface were observed to
move laterally on the surface. The zggloncretion occurred before the
aluminum particles were csrried off by the gas stream. It was interest-
ing to ckserve that the additives served ag flow tracere on the suriace
and that their motlon indicated that somewhat unsteady conditlicons pre-
vailed. Thic motion of the additives on the surface may have been due

o their proximity to & mixing region (oxidizer-binder interface) or to
sporadic bubbling and melting of the binder.

The residence times of the large; alumivun particles on the surface,
dig Cfl"lble ir the photographs, e 1n excess of the ignition times
reported in reference 5. Thege l rger particles, therefore, had sulTi-
cient time to ignite and burn provided that there wes sufiicient oxidizer
present.

=
o
ﬁ

Similar photographs for the predominantly fine oxidizer propellant
revealed only small aluminum particles on the surface that were quickly
carried off by the gas stream. No agglomeration was detected. In addi-
tion, the residence time of the aluminum particles, as determincd from
the high-speed pholographs, was apprecisbly lower for this finec-oxidizer
mixture.

The phenomenon of surface agglomeration, whicn has been notlced by
irvestigators, appears to be applicable Lo higher pressure combustion.
In reference &, surface agglomeration is reported to have coccurred during
the burning of a propellant contalning ammonium perchlorate, polyurec-
thane, and 13 percent aluminum at a chamber pressure of 400 pounds per
square inch. Agglomeration or "rolling together" of molten balls of alu-
minum on the surface 1s described, but oxidizer- and additive-size dis-
tributions are not given. Data that support the findings reporied herein
are also reported 1n reference 7.

No apprecisble fragmentation of the metallic combustion products,
as reported in refcrence 8, was observed in or above the combustion zone
during the present investigation.

Combustion products. - Photomicrographs of combusticon products col-
lected (fig. 7) show that the sizes of the additive after combustion
werc significantly larger for the predominantly coarsc cxidizer propel-
lant than for the fine-oxidizer mixture. The largest particle discern-
ible after combustlon of the fine mixture was approximetely equal to the
largest additive particles, whereas for the coarse-oxidizer propellant
the agglomerates were significantly larger. In the latter case, the
photomicrographs indicated that only a small percentage of the combustion
products were zgglomerates cr particles of large size. The majority of




wts Upp@ared te be of a size that was comparable with the orvig-
e. Some of thne larger particles were nollow spheres,
hers nad sclid centers. This observation was 1n accordance
=18 tions reported in reflerence 9. It is postulsted in ref-
2t the aluminuwm rmelal was enclosed witnin a porous oxide
cogting through which oxygen diffused to burn the remaining alumimim.
Similar observetions are preocnted in reference 10.

X-ray analysis of the combustion products revealed the presence of

4

-type nluminum oxide (Al.Oz) =25 the major product specles Tor bolh

conrse and Tine propellants. The ratios of slumirnnm to alumina wero 1/3
and 1 for the fine- and the ccarse-oxidizer propelisnts, r‘pr“tjvply.
These deln showed that s large amcunt of the aluninwa additive was not
burned in + cage of the coarse-oxidizer propellant. This rcsult was

i jccordance with the proposed model, sirnce the large interparticle

ing of the coarse-oxidizer mixture yielded a high value of burning
rg, as indicated by equation (10). Increasing the valne of 13

Lo less “omplote burning of the aluminum additive, since tho 2ddi-
rate and form an oxide shell. The large amountsc cf alu-
minum p”CSwﬂu in the combustion products were probably contained within

s oxide coatings. In the case of the finc-oxidizer propellant,
.o spacing was approximaiely equal to mearn aluminum-perticle size,
more complete burning occurread.

Figure 8 shows the number size distribution of the ccmbustion par-
tiecles Tor both fine- and coarse-oxidizer propellents. The size distri-
bution for both propellants is ropregented by a single curve up to a
diametor of qpproxwmatAly 8.0 microns. The agglomeration or growta of
um additive particles csuscs an apparent breesk In the distribution
of the combustion products of the coarse propellant, whereas the distri-
buticn of the products of the imn&—ox1dlzer propellant docs not appear
Alwnimum agglomeratlon, therefore, appears to occur ounly with
particles lavecr than £.o micreons. This result is consistent with the
thoecrotical tnclysis in which neelomeration, essentially & step
urs only with prriicles larger than a critical size of 20

correspondence botween oxperiment and theory lends cre-
dence 10 the theoretical model used herein. The number distribution
it

0F 1le olimimum zddivive was determined from the welght distribution in

fimre oand s slso shown in Plgure C. 0 Tae crosoover of the fince pro-
pelloant 2inum dlstrivutions s nobt congldered significant. The
act Tha combustion product distributions below 8.0 microns sre

TOPLeEe L ad a single line, which falls below the initisl aluninum-
sdditive distribution, 1s interpreted as meaning that most of the alu-
mimen i bhe course-oxidizer propellant burned as completely as that in
the fine-oxidizer mixture, based on percent number.

T drawing the curve, the data outside the limits of 1 and 99 per-
cort were dieregarded, and those data nearest the SO-percent lovel were



preference; this ls In sceordance witlh informaticn presented in
-rnce 11, The data points were nob weighted sccording to g
probepility levels.

Combustion-product sumples collected from propellants 3 and 4, whicn

Gid not contain aluminum {table I), werc zlso anslyzed; the enal
vonled the presonce of gmmoniwn chloride (M) .C1) and ammonime: bl
(1,31
tween additive and propellant products in plottlng Iignre &,

CO:). Tiis result reaffirmed the neccssity of discriminsling be-

Radisticn Stuaics

p“op?llanb. - The principal vediatlon from both the

£ oxidizer propellants (L and £, rcepectively), shown
nsl t‘ of Ol bande originating at 3004 A; WH at 3300 4;

: : at 2872 A poreld : of aluminum
Cn Fedl and S274 Ay Ne ot 3302 A
lince Tor Mn, K, Ga, Ni, ana Cr. The
QLODUIJUH € le, In “ddjiiﬂn, Tl

ine ot approximately 3000 A, Woen
far irto the vis-

coE
in
Cl
at
and numerous Ie
spoctrum of the coarse
presence of o strong ¢ r1Lmuw11w
1-F film (not shown) was used,
ible range and also revealed T: 0 ond L5303 AL Toe
mmerous Fe lincs appear becouse this clement Le contained witnin the
original alumlmun sdditive.  Similarly, the Cr, Cu, Ga, Mn, Ni, and somc
Na lines were identified with the additive by meking a spreirogrephic
aralysis of the cluminum sdditive. In addition te tne differcnce ir the
characteristics of the continuum, the Ifias-oxidizer pv‘pcllcnt vpccmrmn
shows 2 greater number of lines throughout the entlre wavelength roglon,
At & wevelength of 2530 A, the corrge-oxidiver provellant sppeers to
have a brosd CN band, wheress the finc-oxidizer mixture cxhivits

atomic Llines arising from *1 additive olemento.

=

sodium io;“lw

Chie

arvaigenont 1
stribtution ol
A1 emissions originagt

These spectra (fig. 8) were oblalned
of figure 5(b) and are indlcat
emitters. The spectra show Lict tThe NH,
a2t or near the burning preopellent s.rface; however, since roletively
long exposures werc requirca (1.Ganieoron o slit, 7 sec),
it was not possible tce detornl:io wiethor wdioto above
the narrow surface roglon. A wulution
optical arrangement o shown In Py oined
(fig. 10) reveesl that the CN wnd M do, in Tact, orly Lult‘ the pro-
pellant surface. Similor chservatlons lud A Lo NC, C., ond CH
originate near the propeliant swalaco -

CH,
ppeely aohic

(VIORNPROLY:

wrec-oxidlzer propellant
; : aple dimension and Is
prescnce ol hot, 1ncundc cent, metallic

The strong continuw
(rig. 10(2)),

believed to be

e
pe2d
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inlzed samples do noi roveal Lne prosonce
L suoports tne premice that 1o conlinuun
cdpropeliant fs, in fact, due to tie proscnce
the propellant surface. In refereonce 1o,

. n lunLnuﬂ perticles are reported te have contimiun ox-
Lo g Peom dhe vigible far into the ulirszviolet rango, ALC bo
atonle Dipes 0 Mo oand Foeoo Thae con wes attributed to Lhe

leles,

spactra of Lhe
B L\11L1u m; T

aluminized wnd non-
al enersy avellasble

. o difference in intenslity between the
cioopropellants Is afiriputaeble to the additic
tre combucstion of the alwniaunm.

PMLARY OF RESULTS

1 partlcle size on additive agglomersiion was
wples composed of ammondum perchlorate,

ard an aluninum aedditive were burnsd at at-
centeges by welpght ol the oxldlzer, binder,
U percent, respectively. Aﬁ&lowcra,ion of
burning propellant surfacc cccourred wie:n
bimodal mixoure of oxidizer crystals was rela-
Elvely conrse and tne ronsining 30 percont was Cine.  The mesn-woelght




dianct@r of the crarse and the flune oxidizer crystals was 89 and 11
erons, respectively. Samples having the same compogiticn but made up

0 percept fine =znd 30 percent cosrse oxildizer crystals showed no evi-
gence of agglomcration.

Particle-size alutL;1¢tioné of the condensed-phase comlmztion prod-
Lots were obtaincd for noth the predominantly cosrsc end the proedoml-
nently fine oxialzer prcpcllaan. The size &istributicns l'or both pro-
pells Sderticel with the oripglnal additive distrimmtion ur
size ¢ metely 2.0 microns. The aggloncratlon causco an
hroeak 1 C CUm@unUAuh—produCE gize aistribution of the cosrss-C
propellant; some p riicles hed diameters ag nlph as 100 micronsa,
COm%H‘tJCH—)“Hd ot size distribution of the finc-oxidizer proptllxu@ alid
not Cyom Lhe initisl additive d;strlbutiou. Thic wehavicr was In

quoant Lhative agpreement with the proposed thecretical model, for waic
WAS acgplomeration phenomenon 75 caused by the collision

i

of on the dry, turning propellant gsurfacae.

rabion wae compared with the particle
with tue time required to burn Lhe ad-
polomeration

regquired [or agglom
cnice time orn Lhe sar :

co el
particles. I the burndng tlme wes less tlien tho =
{ime, which in turn was less than the residence time, then tie molten

~tal burned to its oxide., Blnce the mal:inu temperaturs of the metallic
oxides generally excecds propellant flamc cmperatures, sgglomeration
could now occur. If, however, the burnin& time exceeded the agplomera-
ticn time, then the molten additive had an opportunity to agglomerate
belore it burned azad an oxlde shoell was formed.

>
€

Eveluation of the ratio of the residence time to the agglomeration
time yiclded the critical perticle diameter of approximstely 20 microns
st was necessary for agglomeration to occur with the propellants used.
Furthermore, the value of thc agglomeration {time for the coasrse-oxialzer
propellant was less than the burning time, whereas for the finc-oxidizer
propellant, the agglomeratlon tlue exceeded the burning time. As men-
tioned previously, the cxperimental results are in agreement with the
theoretical guantitative results. The critle cal particle dlameter was
fourd by experiment to be 8.5 microns; the theoretical value ig 20 mi-

Crons.

The rodiation charecteristics of aluminized and nonaluminized pro-
pellants were obizined in emission by use of a grating spectroscope with
s first-order dispersion of 10.9 A per millimeter. The priacipel emit-
ters were tdentificd and interpreted in terme of the sgglomeration phe-
nomencn. The strong continuum, which was present with the coarse-
oxidizer propellant and which corresponded to the approximate sample
dimension, wses assumed to be due to the presence of hot, incandescent,
s1lic particles on the burning surface. The dccrcasea intensity of
Lhe contimmum with the fine-oxidizer mixture indicated that large incan-
deseent motallic particles were not present on the burning surface. The




spectra also indicated that the additive burning occurred on the propel-
lant surface with the coarse-oxidizer mixture, whereas the burning was
distrivuted throughout the flame zone with the fine-oxidizer mixture.
These results are in agreement with the model for agglomeration, since
coarse-oxidizer propellants lead to small values of the ratio of agglom-
eration time to burning time. Hence, particle growth cccurred on the
ropellant surface and impeded the aluminum from burning freely in the

~ S
245 sorean.

4 eignificant decrease ir intensity between the aluminized and non-
aluwninized propellants was observed. This variation was attributed to
the additional energy that resulted from the combustion of the aluminum.

Lewis Research Center
Natlonal Aeronautics and Space Administration
Cleveland, Ohio, June 29, 1962
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APPENDIX - SYMBOLS
angstrom units
diffasion

corcentration of oxidizer vopors at

corcentration of cxidizer vapors at additive

concentration, g/mm”

diffusion coefficlent of oxidizer vapors throug

em®/sec

diameter of additive particle, mm

diameter of oxidizer crystal, mm

mass-Tlow rate per unit area of i

provportionality constant
collision distance, mm

mass, g

mass of additive, g

'

burning cr regression rat

number of additive particles per unilt volume,
number of oxidizer particles per unit volume,

-

£1ux rate, g/(sec) (™)

02

)

resction rate of edditive, g/(sec)(mm

radius of additive particle, mm

regl

cxidizer vapors, g/

> of propellant, mm/sec

mm”

mm

oxidizer crystal, g/‘:ﬂmd

on, g/-m°

iy

el vapors,

~
(6]
o
@]
~—
TN
=
3
e
~—

(6

rediues of pariicle undergolng transversc motion, mnm

17
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Ve

cius, mm

o
~

surface arca of additive, mme

Lransverse veloclity,

dlreetion purallel to propellant surface, mm

dAlrection normal to propellant surfacc, mm

::)
a“a’
J‘SQOfCO

rEKn_d

conshant,

Lnterporticle oxldizer spaclug, mm

N s 3
additive particle, gﬁmﬂ

tlme reguired to burn sdditive, sec

voslidence time, time particle 1s exposed to surface, sec

troctional volume occupled by oxidizer or oxidizer loading factor
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TABLE I. - PROPELLANT COMPOSITIOCNS

[
[o¥]

Propel

nt | Binder, | Oxidizer, ammonium perchlcrate,
PBAA welght percent

welght
percent Finc Ccarue
1 10 18,0 e D 9
z 19 SIS 10,5 G
3 19 A -
19 S 13.0 -

taedl

lic =cid (epoxy crosslinked copolymer of

C
ene and a




Oxidizer
erystals—
\

—Binder

Figure 1. - Simplified matrix model for
composite propellant. Interparticle
spacing, £&; particle diameter, do

2l
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Propeliant
—o11t and SAPLe —
4
/ shutter AN

—Wadsworth

Mirror—

—Cratlog
15,000
Crocves
por

Film
plate—
(2) Schematic diegram of votical system.
—Burning
| surface Burning
surface-— ] | —Image setting
Image setting ' using reverse
using reverse __ optics
optics — " R
Arrangement 1 Arrangement 2

(b) Arrangements of propellant and slit.

Pigure . - Optical srrangement for spectrographic observations and
g
positioning of Iimage for streamwise distribution and lateral distri-

oution.
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(b) Predominantly coarse oxidizer propellant.

Figure 7. - Photomlcrographs of combustion products.
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A motion-picture film supplement C-219 is available on loan. Re-
quests will be filled in the order received. You will be notified of the
approximate date scheduled.

The film (16 mm, 15 min, B&W, sound) shows actual experiments in
which incandescent aluminum particles agglomerated on the burning sur-
face of propellants composed of polybutadiene acrylic acid and ammonium
perchlorate. The film illustrates the effect of oxidizer particle size
on the agglomeration phenomenon.

The film may be borrowed on application to the

Chief, Technical Information Division
National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Rd4.

Cleveland 35, Ohio

|Please send on loan, copy of film supplement C-219 to
| TN D-1438

]Name of organization

IStreet number

|City and State

lAttention: Mr.

| Title




Place
stamp
here

Chief, Technical Information Division
National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Rd.

Cleveland 35, Ohio















